Introduction {#Sec1}
============

Spectral vegetation index (VI) time series data have widely been used to monitor and characterise the Earth's vegetative cover and its dynamics from regional to global scales^[@CR1]--[@CR3]^. They have been instrumental in the recent advancement of our understanding of vegetation-climate interaction^[@CR4]--[@CR7]^. VI time series datasets utilized in most of these studies were those derived from moderate resolution, polar-orbiting satellite sensors, such as Advanced Very High Resolution Radiometer (AVHRR), Moderate Resolution Imaging Spectroradiometer (MODIS), and VEGETATION.

The utility of these VI time series datasets in characterizing vegetation dynamics is often constrained by clouds. While a moderate resolution, polar-orbiting satellite sensor typically acquires one or two day-time observations per day, this observation frequency is only enough to generate "clear-sky" VI time series data at a weekly, 10-day, bi-weekly, or 16-day temporal resolution due to the frequent cloud cover^[@CR8],[@CR9]^. The actual temporal resolution of those VI datasets can even be lower during the vegetation growing season^[@CR10],[@CR11]^, which could then lower the accuracy of satellite-derived vegetation seasonal information^[@CR12]^. Nagai *et al*.^[@CR10]^, for example, reported that there could only be two or three clear-sky observations available during a two-week leaf expansion period in Japan even when data from the Terra and Aqua MODIS sensors were combined.

A new generation of geostationary satellite sensors have been launched during the last decade and planned for launch (see Supplementary Table [S1](#MOESM1){ref-type="media"}). These sensors are capable of imaging an Earth's hemisphere at 10--15 min intervals and equipped with the spectral bands suitable for the derivation of VIs, thus, potentially serving as another significant data source for the studies of vegetation dynamics^[@CR13]^. The first of these was Spinning Enhanced Visible and Infrared Imager (SEVIRI) on Meteosat Second Generation (MSG) of which 3 km spatial resolution data became available in 2004^[@CR14]^. All the others were either launched during the last five years or planned for launch in the next few years, and provide higher spatial resolution data (0.5--1 km) than SEVIRI, including Advanced Baseline Imager (ABI) on Geostationary Environmental Satellites (GOES)−16 and −17^[@CR15],[@CR16]^, Advanced Geosynchronous Radiation Imager (AGRI) on Fengyun (FY)−4A^[@CR17],[@CR18]^, Advanced Meteorological Imager (AMI) on Geostationary Korea Multi-Purpose Satellite (Geo-KOMPSAT)−2A, Advanced Himawari Imager (AHI) on Himawari-8 and-9^[@CR19]^, and Flexible Combined Imager (FCI) on the Meteosat Third Generation Imaging (MTG-I) satellites^[@CR20]^.

A series of studies by Fensholt *et al*.^[@CR13],[@CR21],[@CR22]^ investigated the degree of improvement in the temporal resolution of the Normalized Difference Vegetation Index (NDVI) over Africa soon after SEVIRI data became available. Fensholt *et al*.^[@CR13]^ showed a 79% increase in the number of cloud free days with SEVIRI (82 days) in comparison to MODIS (47 days) for the 2004 growing season in Senegal. They suggested that the period of compositing to produce continental-scale, cloud-free NDVI products could be reduced to 5 days with SEVIRI 15-min data from 10:00 to 14:00 over Africa. Another study by Fensholt *et al*.^[@CR21]^ suggested 3 days as the shortest compositing period to produce cloud-free NDVI products over a cloud-prone region of West Africa when SEVIRI data from 10:00 to 16:00 were used. Fensholt *et al*.^[@CR22]^ also examined the potential to standardize SEVIRI NDVI time series data to a fixed sun-view geometric condition with the bidirectional reflectance distribution function (BRDF) method published later by Proud *et al*.^[@CR23]^ and found 5 days as the minimum to obtain robust results and to yet monitor short-term land surface changes.

Several studies have reported the utility of higher temporal resolution VI time series data from geostationary satellite sensors in characterizing vegetation seasonal changes^[@CR24]^. Sobrino *et al*.^[@CR25]^ was probably the first study that applied the NDVI dataset from a geostationary satellite sensor for the analysis of vegetation phenology. They found that the SEVIRI-retrieved green-up and brown-down dates were more accurate than the MODIS counterparts using a pan-European ground phenology record as a reference. High temporal resolution NDVI time series data derived from Geostationary Ocean Color Imager (GOCI) onboard the Communication Ocean and Meteorological Satellite (COMS)^[@CR26]^ were effectively utilized to predict paddy rice yields in North Korea, a data-sparse and difficult-to-approach region^[@CR27]^. Very recently, Yan *et al*.^[@CR28]^ reported the first application of Himawari-8 AHI two-band Enhanced Vegetation Index (EVI2) time series data to land surface phenology in Northern and Central Japan. They found that AHI EVI2 higher temporal resolution data only helped improve the characterization of spring phenology in comparison to the MODIS counterpart. Yan *et al*.^[@CR28]^ simply used 3-day temporal compositing to derive the AHI EVI time series data in their study, most likely following^[@CR21]^ and^[@CR24]^, but the resultant EVI2 time series data still contained a significant number of suspicious observations (see Fig. 8 in^[@CR28]^).

In this study, we evaluated improvements in characterising vegetation and land surface dynamics with the AHI 10-min resolution NDVI data in Central Japan. The Central Japan area is subject to a series of unique seasonal events, including the monsoon and typhoon seasons, that bring about frequent and/or persistent cloud cover. It is of interest to understand how much the AHI geostationary satellite data could increase the temporal resolution of NDVI time series data under the influences of those geographically unique weather events. Our analysis was focused on continuous monitoring sites, representing three major ecosystems in the region (see Supplementary Fig. [S1](#MOESM1){ref-type="media"}), where *in situ* time-lapse digital images documenting sky and surface vegetation conditions were available through the Phenological Eyes Network (PEN)^[@CR29]^ for the verification purpose. AHI NDVI results were compared with those obtained from one of the latest polar-orbiting satellite sensors, Visible Infrared Imaging Radiometer Suite (VIIRS) onboard the Suomi-National Polar-orbiting Partnership (S-NPP).

Results {#Sec2}
=======

AHI NDVI temporal signatures {#Sec3}
----------------------------

We began our analysis by comparing AHI NDVI temporal profiles to those of VIIRS using the PEN-derived *in situ* phenology information as a reference (see Supplementary Table [S2](#MOESM1){ref-type="media"}). The extracted AHI and VIIRS NDVI temporal profiles for the three study sites are shown in Fig. [1](#Fig1){ref-type="fig"}. All of the observations, including cloud-contaminated ones, were included in these plots. Since cloud contamination lowers the NDVI, cloud-contaminated NDVI data can be seen as those scattering below the upper envelopes of the NDVI temporal profiles which in turn most likely consisted of cloud-free pixels^[@CR30],[@CR31]^. A small number of AHI NDVI observations that scattered above the upper envelopes and that were seen more frequently in the winter period (e.g., Fig. [1c,e](#Fig1){ref-type="fig"}) were those located near cloud edges, where the brightness typically varies significantly over a short distance. Due most likely to very small band-to-band mis-registration of AHI red and NIR bands, AHI reflectance spectra of those pixels were distorted, resulting in unusual NDVI values.Figure 1NDVI temporal profiles for the study sites: (**a**) AHI and (**b**) VIIRS for Takayama (TKY), (**c**) AHI and (**d**) VIIRS for Fujihokuroku (FHK), and (**e**) AHI and (**f**) VIIRS for Terrestrial Environment Research Center of University of Tsukuba (TGF).

Each VIIRS NDVI temporal profile was composed of \~500 observations per year (Fig. [1b,d,f](#Fig1){ref-type="fig"}). With its 10-min temporal resolution, in contrast, each of the AHI NDVI temporal profiles consisted of \~13,000 observations per year, 26 times more observations than VIIRS (Fig. [1a,c,e](#Fig1){ref-type="fig"}). This larger number of observations apparently made the AHI temporal profiles capture NDVI seasonal changes more clearly, or more certainly, than the VIIRS counterparts. In the VIIRS NDVI temporal profile of the Takayama deciduous broadleaf forest (TKY) site, for example, there was no observation with a high NDVI value for about a month from the middle of September to early October 2016 (Fig. [1b](#Fig1){ref-type="fig"}). The AHI NDVI temporal profile of the same site had approximately a 10-day period of continuously very low NDVI values earlier in this one-month period, but then had index values as high as those before the 10-day period for the rest of the period (Fig. [1a](#Fig1){ref-type="fig"}). Thus, with the AHI profile, one would be able to consider that the NDVI linearly decreased in this period with no abrupt vegetation change. Similar "gaps" were seen for the other two sites and they were associated with the passage of Typhoon-16 (Malakas) as described later in this section (Fig. [2](#Fig2){ref-type="fig"}). For the Fujihokuroku deciduous needleleaf forest (FHK) site, as another example, the VIIRS NDVI varied largely during the 2016 and 2017 summer (June-September) seasons, making it difficult to depict an cloud-free NDVI temporal signature (Fig. [1d](#Fig1){ref-type="fig"}). The AHI NDVI also varied largely, but due to the availability of a larger number of observations one could depict its flat signature with a little uncertainty (Fig. [1c](#Fig1){ref-type="fig"}). Compared to the above two sites, the VIIRS and AHI NDVI temporal profiles were very similar both in general and in detail for the Terrestrial Environment Research Center (TGF) site (Fig. [1e,f](#Fig1){ref-type="fig"}, respectively), a grass field surrounded by complex mosaics of urban, crop and rice paddy fields, grassland, and deciduous broadleaf forest patches.Figure 2AHI NDVI temporal profile (middle) compared to the VIIRS counterpart (bottom) for the Takayama (TKY) site. Sample PEN *in situ* images representing five phenological stages are shown at the top. The numbers on the PEN images are their acquisition year (lower-left) and DOY (lower-right). The vertical dashed lines are phenological transition dates identified with PEN time-lapse images (see Supplementary Table [S2](#MOESM1){ref-type="media"}), whereas the gray bar on the AHI NDVI plot corresponds to a two-day data gap.

To examine AHI NDVI temporal profiles in more detail, the TKY AHI NDVI temporal profile of the year 2016 is plotted along with the VIIRS counterpart in Fig. [2](#Fig2){ref-type="fig"}. The AHI data had a much larger number of seemingly "cloud-free" observations available throughout the entire year and around each of the four phenological transition dates than the VIIRS data (Fig. [2](#Fig2){ref-type="fig"}).

The AHI temporal profile contained several distinctive gaps (or temporal signatures) associated with weather events due to its 10-min temporal resolution, which were not clearly discernable in the VIIRS temporal profile. First, a small gap is seen in the AHI profile from the Day of Year (DOY) 130 to DOY 134 (G1 in Fig. [2](#Fig2){ref-type="fig"}). This was attributed to 3 consecutive days of very low NDVI values, which were found due to thick cloud cover by visual inspection of AHI false color composite images for the period, followed by 2 consecutive days of very high NDVI values. Second, there was a \~20-day period without high NDVI values around DOY 210 (G2 in Fig. [2](#Fig2){ref-type="fig"}). Visual inspection of AHI false color composite images over the period indicated that a large number of patchy clouds persisted over the study site during this period. Finally, there was another period only with low NDVI values (from DOY 259 to DOY 268) (G3 in Fig. [2](#Fig2){ref-type="fig"}), which was associated with the passage of Typhoon-16 (Malakas) (see Supplementary Fig. [S2](#MOESM1){ref-type="media"} for 2017).

The AHI NDVI temporal profiles also depicted the changes in snow cover much better than the VIIRS counterparts. In Fig. [3](#Fig3){ref-type="fig"}, the AHI NDVI temporal profile for the FHK site is plotted along with the VIIRS counterpart and PEN images for the first 5 months of the year 2016. Based on the PEN image inspection, there was no snow cover for the first 17 days of the year 2016, snow covered the forest floor on DOY 18 and remained for the following 10 days until another snow fall accumulated more snow not only on the ground, but also on tree branches on DOY 29. The snow cover gradually melt over the next 30 days until they completely disappeared on DOY 58. It snowed again on DOY 69, but it melted during the following days until it completely disappeared again on DOY 82. Trees remained dormant though a couple of ephemeral snow cover occurred for a day or two until the start of leaf expansion on DOY 103. The AHI NDVI temporal dynamics corresponded exactly to these snow cover changes. The VIIRS NDVI was continuously very low from DOY 82 to DOY 105 when the site was subject only to a couple of ephemeral snow cover, making it difficult to detect/extract the date of the start of leaf expansion from the VIIRS temporal profile (see Supplementary Fig. [S3](#MOESM1){ref-type="media"} for 2017).Figure 3AHI NDVI seasonal changes (middle) during the first five months of the year 2016 for the Fujihokuroku (FHK) site. Plotted at the bottom is the VIIRS counterpart for comparison. Representative PEN *in situ* images for every distinctive snow cover condition are shown at the top. The numbers on the PEN images are their acquisition year (lower-left) and DOY (lower-right).

Frequency analysis {#Sec4}
------------------

We then examined an improvement in the available number of cloud-free observations with AHI high-temporal resolution data using PEN sky images as a reference. For each AHI observation, the PEN sky image acquired at the same or nearest time to the observation was selected as the reference. In Fig. [4](#Fig4){ref-type="fig"}, VIIRS and AHI NDVI data during the 2016 green-up and brown-down periods are compared for the TKY site. Here, the green-up and brown-down periods were defined as the period from the start to end of leaf expansion and that from the start to end of leaf fall, respectively (see Supplementary Table [S2](#MOESM1){ref-type="media"}). Those observations confirmed as "cloud-free" by PEN *in situ* sky images are indicated by the red circles in the figure. The red circles are placed only on the maximum NDVI values when multiple "cloud-free" observations were found on the same day.Figure 4VIIRS and AHI NDVI data over spring green-up and fall brown-down periods for the Takayama (TKY) site: (**a**) VIIRS and (**b**) AHI for the green-up season, and (**c**) VIIRS and (**d**) AHI for the brown-down period.

For the green-up period, whereas VIIRS had 4 cloud-free observation days, AHI had 7 days with at least one cloud-free observation (Fig. [4a,b](#Fig4){ref-type="fig"}, respectively). For the brown-down period, VIIRS had 11 days with at least one cloud-free observation, but AHI had 15 days with at least one cloud-free observation (Fig. [4c,d](#Fig4){ref-type="fig"}, respectively). Furthermore, VIIRS had only two cloud-free observation from DOY 105 to DOY 132, but AHI had at least one cloud-free observation on 5 days during the same period (Fig. [4a,b](#Fig4){ref-type="fig"}, respectively). Similarly, VIIRS had no cloud-free observations from DOY 265 to DOY 288, whereas AHI had 3 days with cloud-free observations (Fig. [4c,d](#Fig4){ref-type="fig"}, respectively) (see Supplementary Figs [S4](#MOESM1){ref-type="media"}--[S8](#MOESM1){ref-type="media"} for the 2017 TKY and other two sites).

There existed several days that did not include any confirmed cloud-free observations, but whose maximum NDVI values were similar to those of nearby cloud-free observations, particularly in AHI NDVI, e.g., DOY 113, 114, 126, 141, 145, and 150 for the green-up period (see Fig. [4b](#Fig4){ref-type="fig"}). In Fig. [5](#Fig5){ref-type="fig"}, AHI NDVI data of DOY 150 are plotted as a 10-min time series along with those of DOY 155. The NDVI of DOY 155 changed little from 9:00 to 12:40 all of which observations were confirmed "cloud-free" by the PEN sky images, and the NDVI of DOY 150 was as high as that of DOY 155 for five different time periods during the morning (i.e., 9:00, 9:30, 10:10, 10:40, and 10:50--11:10) (Fig. [5](#Fig5){ref-type="fig"}). AHI subset time series images over the TKY site around 11:00 on DOY 150, 2016 showed the passages of several clouds and that there was no cloud cover over the TKY site exactly at 11:00 (Fig. [6a--c](#Fig6){ref-type="fig"}). VIIRS data were acquired at 12:35 on the day and the subset image over the TKY site showed clouds over the site (Fig. [6d](#Fig6){ref-type="fig"}) (See Supplementary Fig. [S9](#MOESM1){ref-type="media"} for DOY 113, 114, 126, 141, and 145 in 2016, and three additional days in 2017).Figure 5AHI NDVI diurnal time series plots of two different days for the Takayama (TKY) site. The blue open diamonds for DOY 155, 2016 represent "cloud-free" observations confirmed by PEN sky images. The "X" mark represents the VIIRS NDVI value for DOY 150, 2016.Figure 6AHI and VIIRS subset false color composite (top) and NDVI (bottom) images over the Takayama (TKY) site for DOY 150, 2016. The false color composite images were made by assigning the red, NIR, and green bands to the red, green, and blue color planes. The color scale bar placed below the images is for the NDVI.

The mean numbers of days with cloud-free observations in AHI and VIIRS data confirmed with PEN sky images are summarized for the three study sites in Table [1](#Tab1){ref-type="table"} (see Supplementary Table [S3](#MOESM1){ref-type="media"} for the individual years). The green-up and brown-down periods for the TGF site were determined to enclose the periods of the increasing and decreasing NDVI, respectively, as observed in the AHI and VIIRS temporal profiles extracted over the site (i.e., Fig. [1e,f](#Fig1){ref-type="fig"}). For all the five phenological periods for all the three sites, AHI had larger numbers of days with cloud-free observations than VIIRS (Table [1](#Tab1){ref-type="table"}). Whereas VIIRS had 4--5.5 days with cloud-free observations, AHI had 5.5--10 days with cloud-free observations, 1.6--1.8 times higher numbers for the green-up period. For the brown-down period, AHI had 1.4--1.6 times higher numbers of cloud-free observation days than VIIRS. Differences in the number of cloud-free observation days between AHI and VIIRS were the highest for the peak period, followed by the pre-green-up period, and the lowest in the post-brown-down period. Approximately, a day without cloud-contaminated observations can be expected every 4--6 days with AHI, but every 7--10 days with VIIRS for the green-up season, and a day without cloud-contaminated observations can be expected every 4 and 6 days with AHI and VIIRS, respectively, for the brown-down season (Table [1](#Tab1){ref-type="table"}). A day with cloud-free observations can be expected at much higher frequencies with AHI (every 9--35 days) than with VIIRS (every 19--106 days) for the peak period, but at nearly the same frequencies with AHI and VIIRS during the post-brown-down period (every 2--6 days).Table 1Number of Days with Cloud-free Observations.PeriodSiteRange (DOY)Number of Days with Cloud-free Obs.Percentage (%)FrequencyRatioAHIVIIRSAHIVIIRSAHIVIIRSPre-green-upTKY1--127311724134.27.61.8FHK1--1064021.539212.64.91.9TGF1--905034.556391.82.61.4Green-upTKY128--1526.5427163.86.11.6FHK107--1385.53.517116.09.51.6TGF91--135105.523134.47.91.8PeakTKY153--27514.57.5126.28.5191.9FHK139--2814.51.53.21.1351063.0TGF136--24010.52.5102.411434.2Brown-downTKY276--322151032223.14.71.5FHK282--33217.51134223.14.61.6TGF241--330241829213.54.71.4Post-brown-downTKY323--3658.57.520175.15.81.1FHK333--365221568481.52.11.4TGF331--36524.518.570531.41.91.3The percent values were calculated by dividing the number of days with cloud-free observations by the total number of days (with PEN sky images available), whereas the frequency values were obtained by dividing the latter by the former. The last column contains the ratio of the AHI percent value to that of VIIRS. All of values in the table are the average of the year 2016 and 2017 values (see Supplementary Table [S3](#MOESM1){ref-type="media"}).

Lastly, we examined the relationship of the number of AHI cloud-free observations with the time of day for the five phenological periods (Fig. [7](#Fig7){ref-type="fig"}). Those days when, at least, one PEN-confirmed, cloud-free AHI observation was found were used in this analysis. Not all AHI cloud-free observations came from any single one-hour period, but across the 6-hour period, except for the peak season at FHK and TGF. For all the three sites, in general, the highest number of AHI cloud-free observations were available in early morning (9--10) for the pre-green-up, green-up, and peak periods (Fig. [7a--i](#Fig7){ref-type="fig"}). The same, but weaker trend was observed for the brown-down and post-brown-down periods for the FHK site (Fig. [7k,n](#Fig7){ref-type="fig"}). For the TKY and TGF sites, AHI cloud-free observations were more equally distributed across the 6-hour period for the brown-down period (Fig. [7j,l](#Fig7){ref-type="fig"}), and came more from the afternoon and from the morning, respectively, for the post-brown-down period (Fig. [7m,o](#Fig7){ref-type="fig"}).Figure 7Diurnal distribution of AHI cloud-free observations. The percent values (the means of 2016 and 2017) were obtained for every one-hour period by dividing the number of cloud-free days for the specific one-hour period by the number of days with cloud-free observations anytime between 9:00 and 15:00.

Discussion {#Sec5}
==========

In this study, we evaluated AHI 10-min resolution NDVI data with respect to the available number of cloud-free observations and associated quality improvement in the NDVI temporal signatures using continuous monitoring sites in Central Japan where *in situ* time-lapse digital images were available. The very large number of observations available with AHI resulted in improved NDVI temporal signatures, allowing to capture seasonal changes in vegetation and snow cover conditions in more detail with more certainty than VIIRS NDVI. As shown for the African continent in previous studies^[@CR13],[@CR21]^, the longer and more frequent observations per day with the AHI geostationary sensor allowed to obtain cloud-free observations on those days where only cloud-contaminated observations could be acquired with polar-orbiting satellite sensors. Our results at the three sites in Central Japan have demonstrated that AHI geostationary sensor data were able to provide one cloud-free observation day every 4--6 days during the green-up period and every 4 days during the brown-down period. Our results have also indicated that the benefit of AHI high temporal resolution data to phenology studies can be greater for the spring than for the fall as the increase in the number of days with cloud-free observation(s) with AHI was higher for the former than for the latter, supporting the results by Yan *et al*.^[@CR28]^. In addition, persisting low NDVI values due to persistent cloud cover could appear as a discernable temporal signature in the AHI NDVI temporal profiles which could be advantageous as the impacts of weather events such as the passages of typhoons on vegetation condition could be assessed using this single dataset.

The AHI NDVI temporal profiles of TKY and FHK were remarkably similar to those acquired with *in situ* spectrometers^[@CR32]--[@CR34]^. Although the AHI NDVI temporal profiles contained several notable data gaps during the summer due to frequent or persistent cloud occurrences associated with geographically unique seasonal weather events (e.g., the passages of typhoons), these "hypertemporal" signatures of AHI NDVI have the potential not only to improve spring phenology characterization^[@CR28]^, but also to discriminate among different vegetation formations and/or across different canopy layers as forest and grass species exhibit different NDVI temporal signatures^[@CR32]^. Recently, a number of studies reported analysis results on autumn phenology. Compared with spring phenology, which has been well studied, autumn phenology is still poorly understood^[@CR35]^. Several recent studies have shown the effects of weather conditions during the growth period on the end of growing season^[@CR36]^, the interaction of the start of growing season and weather conditions impacting the end of growing season^[@CR37],[@CR38]^, and the long-term legacy effect where trees that experienced a warm winter-spring season had earlier leaf-flushing not only in the same year, but also in the following year^[@CR38]^. With the ability to capture *in situ* level NDVI temporal signatures with the shown improvement in the spring phenology, AHI hypertemporal data may serve as a unique dataset to contribute to detailed, improved analysis of autumn phenology. Several studies utilized the normalized difference water index (NDWI) or snow index (NDSI) computed from AHI 1.6 μm band in combination with one of AHI visible bands to identify snow cover as part of their AHI cloud detection algorithms^[@CR39],[@CR40]^. AHI NDVI temporal signatures in combination with those of NDWI or NDSI may provide an additional information on vegetation phenology.

This study has also demonstrated the critical importance of continuously-acquired *in situ* time series validation data, such as time-lapse digital images as used in this study, tower reflectance measurements, and carbon flux measurements. VI temporal profiles derived from geostationary satellite data would show finer temporal signatures than those captured with polar-orbiting satellite sensors. As shown in this study, such fine temporal signatures could only be interpreted correctly with the aid of *in situ* measured validation datasets. High spatial resolution data of improved temporal resolution (e.g., Sentinel) may serve as an effective means to scale up the information obtained from *in situ* validation data to the geostationary satellite footprint for their time series validation^[@CR41],[@CR42]^.

Whereas the fixed position of the AHI sensor makes it possible to provide finer temporal resolution VI profiles, the AHI's view and azimuthal angles are constant at every location with constantly changing solar zenith and azimuthal angles at every location. AHI data from the early morning or late afternoon are acquired at larger SZA than those from polar-orbiting satellites at mid-latitudes. Likewise, the SZA diurnal variation of AHI data could be larger than their seasonal counterpart with their relative azimuth angles (RAA) very different from those encountered by polar-orbiting satellites^[@CR43]^. Examining the NDVI variations with respect to these SZA and RAA variations is important to improve our understanding of the AHI NDVI behaviors. Normalizing this geometric source of variations would likely be a required pre-processing step^[@CR23],[@CR28]^, particularly when the integration of multiple geostationary satellite data, or geostationary and polar-orbiting satellite data are considered.

Materials and Methods {#Sec6}
=====================

Study sites {#Sec7}
-----------

Three study sites were selected in this study, all located in Central Japan (see Supplementary Fig. [S1](#MOESM1){ref-type="media"}). They represented three major ecosystems in the region: a cool-temperate, deciduous broadleaf forest (Takayama, TKY), a warm-temperate, deciduous needleleaf forest (Fujihokuroku, FHK), and a grassland (Terrestrial Environment Research Center of the University of Tsukuba, TGF). All these sites are part of the Phenological Eyes Network (PEN), "a network of long-term ground observation sites aimed at validating terrestrial remote sensing with a particular focus on vegetation seasonal changes (phenology)^[@CR29]^," as well as part of the AsiaFlux network (<http://www.asiaflux.net/>). The TKY and FHK sites are also part of the Japan Long-Term Ecological Research Network (JaLTER, <http://www.jalter.org/en/>).

The TKY site (36°08′46″N, 137°25′23″E, 1420 m above sea level) was a secondary deciduous broadleaf forest with the dominant canopy species being *Betula ermanii* (birch) and *Quercus crispula* (oak)^[@CR44]^. The height of the tree canopy ranged from 13 to 20 m. The forest floor was covered by an evergreen dwarf bamboo, *Sasa senanensis*^[@CR44]^. The annual mean air temperature and precipitation were 6.4 °C and 2075 mm, respectively (1994--2008)^[@CR45]^. The snow period extended from early December to late April with the maximum snow depth being usually 1.0--1.5 m^[@CR45]^.

At the FHK site (35°26′37″N, 138°45′53″E, 1106 m above sea level), the dominant overstory species was Japanese larch (*Larix kaempferi*), planted around 1950, with the canopy height ranging from 20 to 26 m, whereas the forest understory was predominantly buckler fern (*Dryopteris crassirhizoma*)^[@CR46]^. For a period from 2006 to 2013, the annual mean air temperature and precipitation were 8.6 °C and 1848 mm, respectively^[@CR47]^. For the period, the maximum snow depth occurred from January to February and ranged between 22 and 54 cm^[@CR47]^. At both the TKY and FHK sites, their major forest covers were spatially extensive, but mixed with small patches of evergreen needleleaf forests^[@CR28]^.

The TGF site (36°6′49″N, 140°5′42″E, 29 m above sea level) was a circular grass field with a diameter of 160 m^[@CR48]^ and was surrounded by complex mosaics of urban, crop and rice paddy fields, grassland, and deciduous broadleaf forests^[@CR28]^. The field consisted of a mixture of C3 and C4 grasses with the dominant species being *Solidago altissima*, *Miscanthus sinensis*, and *Imperata cylindrica*. The annual mean air temperature and precipitation were 14.1 °C and 1207 mm, respectively, over a period of 1982--2001.

While these sites differ in climate and elevation as described above, all the three sites experience the monsoon rainy season of Japan ("baiu") every year^[@CR49]^. Japan Meteorological Agency declares the baiu season every year. All the sites experienced the baiu season from early-June to late-July in 2016. The 2017 baiu season lasted about a month, but started in early-June, mid-June, and late-June for the TGF, FHK, and TKY sites, respectively. Japan also experiences at least one typhoon landfall per year^[@CR50]^. There were six and four landfalling typhoons in 2016 and 2017, respectively (<https://www.jma.go.jp/en/typh/index.html>).

AHI data {#Sec8}
--------

Himawari-8 AHI full-disk radiance data from January 1, 2016 to December 31, 2017 were obtained from the Center for Environmental Remote Sensing (CERES) at Chiba University, Japan. These data were precisely geo-rectified and remapped onto a 0.005-degree (red band) and 0.01-degree (blue, green, and NIR bands) linear latitude-longitude grid (<http://www.cr.chiba-u.jp/databases/GEO/H8_9/FD/index.html>).

These AHI data were first subset over a rectangular region covering the whole country of Japan (50°N--20°N and 120°E--150°E). The red band images were spatially aggregated into 0.01-degree pixels by taking arithmetic means of 2-by-2 pixels. They were then converted from at-sensor radiance to top-of-atmosphere (TOA) reflectance$$\documentclass[12pt]{minimal}
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*L*~*b,i*~ At-sensor radiance for band *b* at pixel *i* (W/m^2^/sr/μm)

*E*~*b*~ Exo-atmospheric solar irradiance for band *b* (W/m^2^/μm)

*d* Earth-Sun distance (AU)

*θ*~*i*~ Solar zenith angle at pixel *i*

In deriving TOA reflectance, the Earth-Sun distance was calculated on a daily basis, whereas the solar zenith angle was calculated on a per-scene, per-pixel basis using an algorithm described in^[@CR51]^. AHI view zenith and azimuth angles were computed for every pixel, but for one time^[@CR52]^ by assuming that the movement of the Himawari-8 satellite position did not significantly impact AHI view zenith and azimuthal angles. Finally, the NDVI was computed from the derived red and NIR reflectances$$\documentclass[12pt]{minimal}
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We retained AHI NDVI data collected between 9:00 and 15:00 Japan standard time (±3 hours of local noon) for analysis. TOA NDVI were shown to change little during this time period^[@CR21]^, whereas the illumination geometry constantly changed throughout the period. For our study sites, the solar zenith angle (SZA) of AHI observations ranged from 12° to 75° with 44° being the average annually. Diurnally, they varied from 12° to 41° on the summer solstice, from 35° to 59° on the equinoxes, and from 59° to 75° on the winter solstice. AHI observations with SZA greater than 70° were only found close to 9:00 or 15:00 in the winter period (November -- January), which were excluded from analysis in previous studies^[@CR22],[@CR23]^, but included in this study.

VIIRS data {#Sec9}
----------

S-NPP VIIRS TOA reflectance and geo-angle granule products were acquired from the NOAA Comprehensive Large Array-data Stewardship System (CLASS, <https://www.class.noaa.gov/>) for the same two-year period over the same geographic region. These products were all at a "validated" maturity status as defined by the Joint Polar-orbiting Satellite System Algorithm Engineering Review Board (AERB)^[@CR53],[@CR54]^. Red and NIR (I1 and I2, respectively) TOA reflectances, solar and view zenith, and relative azimuth angle science data sets contained in these products were mosaiced and remapped onto a 0.00375-degree linear latitude-longitude grid on a per-orbit basis as VIIRS ground swaths from two adjacent orbits overlapped significantly (\~30%). The NDVI was computed from the red and NIR reflectances using Eq. ([2](#Equ2){ref-type=""}). For each site, data were extracted and averaged over a 2-pixel-by-2-pixel window to compensate for the spatial resolution difference.

PEN *In Situ* sky and phenological images {#Sec10}
-----------------------------------------

*In situ* hemispherical sky images for the three study sites were obtained from the PEN data archive for the same two-year period of January 1, 2016 to December 31, 2017^[@CR55]^. At each of the sites, these PEN sky images were acquired with an upward-looking camera system, namely, the automatic digital fish-eye camera (ADFC)^[@CR29]^, mounted on the flux tower above the canopy surface layer of the site and configured to shutter at fixed time intervals during the daytime. At the TKY site, sky images were taken at 2-minute intervals from January 1 2016 through DOY 305, 2016 and at 3-minute intervals from DOY 306, 2016. At the FHK and TGF sites, sky images were taken every 10 and 3 minutes, respectively. Every hemispherical sky image was visually inspected for any cloud contamination and labeled as "clear" when no cloud was seen across the hemi-spherical field-of-view, thus, being conservatively estimated.

*In situ* time-lapse images of the canopy surfaces and landscapes of the TKY and FHK sites were also obtained from the PEN archive for the same two-year period^[@CR55]^. At the TKY site, the canopy surface images were acquired with a downward-looking ADFC mounted on the flux tower at a height of 18 m, whereas the landscape images were taken over the south side of the flux tower with another ADFC installed on the rooftop of a nearby small building. At the FHK site, the canopy surface and landscape images were taken with a downward-looking ADFC attached on the flux tower at 32 m in height and a side-looking (northward) ADFC at a height of 22 m on the same tower. All the four cameras took images every 90 minutes during the daytime. The canopy and landscape images taken at local noon were used to identify the timing of phenophase transitions and snow cover for the two sites. *In situ* time-lapse images of the land surface and landscape of the TGF site were also available, but were not used in this study. They were setup only to capture the 160 m-diameter circular grass field and did not represent well the larger land surface area captured by the AHI pixel observations.
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